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A B S T R A C T
Localized surface plasmon resonance (LSPR) arises when light interacts with metallic nanoparticles (NPs).
When nanoparticles (NPs) assemble together, the plasmon coupling eﬀect between the NPs often leads to new
features in the LSPR of the assembled structure. Understanding the plasmon coupling in the complex
assemblies will greatly beneﬁt the development of new plasmonic devices. Here we demonstrate the fabrication
of a 3D structure using two diﬀerent sized Au NPs as building blocks. This 3D structure was achieved by
manipulating the binding eﬃciency of ligands linking the NPs, and proper choice of the NP size. The assembled
structure is ﬂower-like structure, with one 130 nm Au NP in the center, and several 40 nm Au NPs attaching as
“petals”. Single particle dark-ﬁeld scattering measurements of the individual assemblies were performed,
together with electrodynamics simulations. The experimental and theoretical studies show that, the plasmonic
coupling lead to broadening of the LSPR and additional peaks, depending on the number and 3D arrangement
of the 40 nm NPs around the center 130 nm NP.
1. Introduction
When metal materials are minimized to nanoscale, quantum
conﬁnement starts to take eﬀect and the properties of the materials
become very diﬀerent from those of the bulk. Driven by the electro-
magnetic ﬁeld of the incident light, the free electrons on the surface of
metal nanoparticles (NPs) can oscillate coherently at certain frequen-
cies. This phenomenon is known as localized surface plasmon reso-
nance (LSPR) [1–4]. LSPR generates an enhanced electromagnetic
ﬁeld adjacent to the surface of the NP [5–7]. This near ﬁeld eﬀect can
be applied to enhance ﬂuorescence or Raman scattering of the
molecules close to the surface. [8–14] When two or more NPs are
brought close together, the interaction between the plasmons of each
particle gives rise to highly enhanced electromagnetic ﬁeld at the “hot
spots”, much stronger than the ﬁeld around single particles [15–19].
Therefore, the NP clusters are more favorable for surface enhanced
spectroscopies.
Assembly of NPs into a higher-order structure can artiﬁcially create
many hot spots in the structure. By modifying the NP surface with
molecular linkers such as DNA, polymer, or small organic molecules,
Au NPs have been successfully linked together to form assembled
structures [20–25]. Here we demonstrate an assembly method using
pentaerythritol tetrakis (3-mercaptopropionate) as the linking ligand
(4-thiols ligand). 40 nm Au NP and 130 nm Au NP are chosen as the
building blocks to achieve the ﬂower-like nanostructure.
To better utilize the assembled nanostructures and design the
structures with desired functionality, it is critical to understand the
coupling eﬀect at the single particle level [26–31]. Single particle dark
ﬁeld study reveals plasmonic features in single particles/assemblies
that are not resolvable in ensemble ultraviolet-visible (UV–vis) spec-
trum. Our single particle dark-ﬁeld scattering results show that the
assembled structure has two scattering peaks due to the plasmon
coupling eﬀect between the center and satellite Au NPs.
Electrodynamics simulations reveal that the scattering spectra of the
assemblies highly depend on the number and how the satellite particles
are arranged around the center. This ﬂower-like model provides a new
system to study plasmonic coupling in the 3D structure consisted of
diﬀerent sized components.
2. Experimental Section
2.1. . Chemicals
Gold (III) chloride trihydrate (≥99.9% trace metals basis),
hydroxylamine hydrochloride and pentaerythritol tetrakis (3-mercap-
topropionate) ( > 95%) are purchased from sigma-
aldrich. Dimethylformamide (DMF) and sodium chloride are pur-
chased from J.T.Baker. Sodium citrate is purchased from Fisher
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2.2. Synthesis of Au NPs
Frens’method was adopted to synthesize the 40 nm Au NPs[32]. To
prepare the 40 nm AuNP: 1.06 mL of HAuCl4 solution (0.0254 M) and
99 mL of distilled water were loaded into a 250 mL ﬂask and heated to
boil, followed by addition of 1.0 mL of the sodium citrate
solution(0.0388 M). After stirring and heating for 15 mins, the heating
was turned oﬀ and the reaction solution was allowed to cool to room
temperature with stirring.
A previously reported seed mediated method was used to prepare
130 nm gold colloids[33]. Brieﬂy, 4 mL of the as-made NP solution
synthesized in step one, 52 mL of DI water, and 900 µL of sodium
citrate solution (0.0388 M) were loaded into the ﬂask, respectively.
After stirring for 5 mins, 0.88 mL of HAuCl4 (0.0254 M) was injected
into the above solution and the mixed solution was kept stirring for
another 5 mins. Finally, 700 µL of hydroxylamine hydrochloride solu-
tion (0.0101 M) was injected into the ﬂask containing the Au NP
solution twice and the reaction solution was allowed to incubate for 2 h.
2.3. Synthesis of 130@40 nm Au NP assembly
A previously reported method was adapted to synthesize the
assembled structure (see Scheme 1) [34]. The ﬁrst step is to ligand
exchange the citrate capped 130 nm Au NP with 4-thiols ligand, i.e.
pentaerythritol tetrakis (3-mercaptopropionate). 3 mL of DMF and
18 µL of 4-thiols ligand were loaded into the ﬂask, and 0.5 mL of
130 nm Au solution in DMF was injected into the above solution drop
by drop. After incubating the reaction solution for 2 h, the products
were puriﬁed by the centrifugation and washed with DMF once and
with ethanol for three times. The second step is to attach 40 nm Au NPs
on the surface of 130 nm 4-thiols ligand modiﬁed Au NPs. 40 nm Au
NPs were dispersed in 2 mL of a 12 mM NaCl salt solution and 130 nm
4-thiols ligand modiﬁed Au NPs were re-dispersed in 2 mL of ethanol,
respectively. After 130 nm Au NPs solution was added into 40 nm Au
solution drop by drop, the mixed Au NPs solution was allowed to
incubate for a couple of minutes to assemble into ﬂower-like structures.
2.4. Dark-ﬁeld scattering
The assembled sample was diluted by 1600 times with DI water and
then 3 µL of the solution was dropped onto the cleaned glass slide. The
glass slide was dried under air for 2 h.
Then the sample was examined under Nikon Ti-u microscope with
Scheme 1. Assembly scheme of the 130 nm Au NP@40 nm Au NP structure.
Fig. 1. UV–vis spectra and TEM images of (a) and (c) 40 nm Au NP, (b) and (d) 130 nm Au NP. Scale bar =100 nm.
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an un-polarized halogen lamp light source. The dark ﬁeld condenser
(NA 0.85) was focused onto the specimen plane. The signal was
collected by a 100× NA 0.8 objective (variable NA 0.8–1.3) and then
passed through a manually controlled slit to the spectrograph (Isoplane
SCT 320, Princeton Instruments) equipped with a CCD camera (PIXIS
1024 BR, Princeton Instruments). Single particle signal was acquired
from areas with very low density of particles. Single particle spectra
were collected by narrowing the slit and selecting proper area of
interest. The spectrum correction was carried out by subtracting and
then dividing the background signal collected from nearby area with no
particles.
2.5. Characterization of ﬂower-like Au NP assemblies
A UV−vis spectrometer (Cary 60, Agilent Technologies) was used to
measure the extinction spectrum of the 40 nm and 130 nm Au NPs in
solution. FEI Tecnai G2 Spirit BioTWIN is used to acquire the
transmission electron microscopy (TEM) images and FEI Nova
NanoSEM 450 is used to acquire scanning electron microscopy
(SEM) images.
To prepare SEM sample, the solution is diluted by 1600 times with
DI water and 3 µL of the solution was dropped onto the glass slide. The
glass slide is left in air for 2 h to dry completely. The as-prepared
sample is then coated with gold for 40 s to increase conductivity.
2.6. Theory
The discrete dipole approximation (DDA) method was used to
model the scattering spectra of the assemblies prepared in the
experiments[35]. The detailed discussion of the DDA method can be
found in the reference by Draine. Brieﬂy, the target structure is
represented with an array of polarizable cubes and the interactions
between the excited dipoles and incident light are solved using
electrodynamics theory. The scattering spectra of the target structures
can be obtained consequently. In our calculations, the dielectric
constants of Au are obtained from the Palik Handbook[36].
3. Results and discussion
Fig. 1 shows the UV–vis spectra and TEM images of the Au NP
building blocks. The extinction peaks of the NPs are at 532 nm and
594 nm, respectively. The average size of the satellite Au NPs is 40 nm
and the average size of the center Au NP is 130 nm. To link the 40 nm
Au NPs with the 130 nm Au NPs, the surface of the 130 nm Au NPs is
functionalized with 4-thiols ligands through ligand exchange. The
130 nm Au NPs were originally capped with citrate molecules. Once
they were added into the 4-thiols solution, the 4-thiols molecules would
replace the citrate ligands because the binding ability of thiol to Au is
stronger than carboxyl to Au [37]. When an excess amount of the 4-
thiols ligands was present in the solution, the 130 nm Au NPs under-
went a complete ligand exchange process and the full layer of 4-thiols
ligand would prevent the aggregation of 130 nm Au NPs. It is believed
that not all the thiols in the 4-thiols ligands are bound to Au. Therefore,
there are some free thiols available for binding [34]. Thus, after mixing
the functionalized 130 nm Au NPs with the citrate capped 40 nm Au
NPs, the additional thiol groups on the surface of 130 nm Au NPs
would replace the citrate group on the 40 nm Au NPs and link them
together.
Fig. 2. SEM images of four assembled structures. Scale bar =100 nm.
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As the 4-thiols ligand should not just speciﬁcally attach to one side
of the gold, we expect the assembled structure should have a sub-
monolayer of 40 nm Au NPs randomly attached to the surface of the
130 nm Au NP. However, The SEM image tells a diﬀerent story. Fig. 2
shows that almost all the 40 nm Au NPs sit at the bottom the 130 nm
Au NP, suggesting that once the assembled structure dries on the
substrate, the 40 nm Au NPs fall oﬀ the top of the 130 nm Au NP. It is
possibly due to the ineﬃcient linking eﬀect of the thiol ligands. As the
Au NPs become too big, the force between the thiol ligand and the gold
surface is not strong enough to resist the surface tension of the solution
and hold the 40 nm Au NPs on top of the 130 nm Au NPs during the
drying process. Fig. 3 shows the SEM images of the same structure
before and after the sample stage is tilted under the microscope. The
images prove that the 40 nm Au are actually attaching to the 130 nm
Au instead of randomly sitting around.
To ensure eﬃcient assembly into the ﬂower-like structure, there
needs to be a large excess of 40 nm Au NPs. In addition, it is also
critical to control the ionic strength of solution. [38] The 40 nm Au NPs
form a denser layer on the 130 nm Au NP with a greater ionic strength.
However, high ionic strength can also induce aggregation of the
assemblies.[39,40] To achieve the optimal conditions, a series of ionic
strength controls were carried out by re-dispersing 40 nm Au NPs in
Fig. 3. SEM images of the assembled structures taken at 0 degrees tilt angle (a, c) and 20 degrees tilt angle (b, d). Scale bar=100 nm.
Fig. 4. Single particle scattering spectra of (a) 40 nm Au NP and (b) 130 nm Au NP.
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NaCl solutions with diﬀerent concentrations. The 12 mM NaCl solution
is proved to oﬀer the best ionic strength that would be favorable to
form a dense layer of 40 nm Au NPs. NaCl solution with higher
concentration would introduce aggregation and lower concentration
would lead to low binding eﬃciency of 40 nm Au NPs to the center
particle.
Once we obtained the ﬂower-like assemblies, single particle scatter-
ing studies were carried out to investigate the plasmonic coupling in
the assemblies. As a control, single particle scattering measurements of
a 40 nm Au NP and a 130 nm Au NP were conducted and the spectra
were shown in Fig. 4. The LSPR speaks of the 40 nm and 130 nm Au
NPs are at 520 nm and 592 nm, respectively, corresponding well with
previous studies[41]. It is worth noting that the signal to noise ratio of
the scattering spectrum of 40 nm Au NP is lower than that for the
130 nm Au NP, due to the small size of the NP.
Similar measurements were performed on the ﬂower-like assem-
blies. Fig. 5(a) shows the representative single particle scattering
spectra from six individual assemblies, respectively. From the as-
sembled structures, instead of one well-resolved peak as for the single
NPs, we observed two peaks, or sometimes a shoulder in addition to the
main peak (black and pink curves in Fig. 5(a)). The wavelength of the
main peaks or shoulders and the peak shape vary, likely due to the
diﬀerence in the geometry of diﬀerent assembled structures, as evident
from the SEM images in Fig. 2. In most cases, one peak (shoulder) is
around 570 nm, and the other one is around 660 nm. Clearly, the new
plasmon features arise due to the coupling between the NPs in
assemblies.
To further understand the origin of the plasmon peaks of the
assemblies, we carried out electrodynamic simulations using the
discrete dipole approximation (DDA) method. From the SEM images,
we notice that the assembled ﬂowered-like structures have diﬀerent
numbers of 40 nm Au NPs attaching to the 130 nm Au NP. On average,
there are eight 40 nm Au NPs attached to one 130 nm Au NP.
In addition, the 40 nm Au NPs were randomly distributed at the
bottom of the 130 nm Au NP. To examine the diﬀerent scenarios, in the
calculations, we modeled the structure with one 130 nm Au sphere in
the center, and 6, 8 or 10 of 40 nm Au NPs attached randomly around
the center. The calculated spectra are plotted in Fig. 5(b)-(d). The
theory results agree well with the experimental observations, where
two peaks are observed in the spectra. We notice a dramatic variation
in the spectral shape of the spectra in Fig. 5(b). And this variation
become smaller in the spectra in Fig. 5(c), and almost disappeared in
the spectra in Fig. 5(d). Even though all of them have two peaks, in
some spectra, the two peaks are clearly resolved; whereas in others, a
shoulder appears in addition to the main peak. Same phenomenon was
found in the experimental results. When the number of 40 nm Au NPs
is increased to 10, there is less variation in the spectra as seen in
Fig. 5(d). This is because most of the space around the center 130 nm
Au NP has been occupied by the 40 nm Au NPs. There is no much
diﬀerence between the structures even though the 40 nm Au NPs were
allowed to randomly move. One signiﬁcant diﬀerence between Fig. 5(b)
and (d) is the consistent high intensity peak at the wavelength of
660 nm in Fig. 5(d) and random alternation of the relative intensity
between the peaks at wavelengths of 570 and 660 nm in 5(b). This
diﬀerence indicates that the peak at the wavelength of 660 nm is due to
the strong coupling between the 130 and 40 nm particles while the
peak at 570 nm is due to the weak coupling between the two sized
particles. More speciﬁcally, the peak at the wavelength of 660 nm is
due to the coupling between two sized particles when they are arranged
relatively parallel to the incident polarization direction, which is strong
and red shifted from the single particle peak. The peak at the
wavelength of 570 nm is the consequence of coupling when the two
sized particles are arranged relatively perpendicular to the incident
polarization direction. When more 40 nm particles are included in the
structures, the strong coupling is dominant since the satellite particles
occupy all diﬀerent directions. When only 6 of the 40 nm particles are
included, this strong coupling can only be observed at given conditions
and the obtained spectra show a larger variation among diﬀerent
structures.
4. Conclusions
In this work, ﬂower-like nanostructures were fabricated by self-
assembly of 130 nm and 40 nm Au NPs. The structure has a 130 nm Au
NP in the center, and varying number of 40 nm Au NPs attached to it.
The LSPR of individual Au assemblies show two peaks, due to the
plasmonic coupling between the NPs. Experimental and theoretical
studies demonstrate that the coupling is dependent upon the number
and arrangement of the 40 nm Au NPs around the center NP.
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Fig. 5. (a) Representative single particle scattering spectra of individual assembled structures. Simulated scattering spectra of assembled structures consisted of one 130 nm Au sphere
in the center, with varying number of 40 nm Au spheres randomly attached to the center sphere: (b) six, (c) eight, and (d) ten.
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